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ABSTRACT e h—— i

A theoretical study of the vibrational relaxation of the adbond detween a ;;i

.'G

physisorbed molecule and a crystalline substrate is presented. The dbond ::S
l‘@

between the admolecule and the substrate {s descrided as a one-dimensional ::_.
Morse-oscillator. Using standard perturbdbation theory, expressions for the "

relaxation of the vidbrational adbond due to {ts interaction with the substrate ]

lattice vidbrations are derived. Both energy relaxation and pure dephasing are B
considered. A numerical evaluation of the resulting expressions for the ;::,
U'Q'
relaxation constants is given for a Dedbye spectrus for the phonons and for a :-}-
.n’:
surface phonon spectrum. The relative importance of pure dephasing and energy o
relaxation in deteraining the adbsorption linewidth is derived as a function of ‘6
(Wt
the fundamental frequency of the active mode. E
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1. INTRODUCTION

The effects of vidbrational excitation of adsorbed molecules by an IR
laser has been the sudject bf.pnny experimental and theoretical studies over
the past dccade.‘ Primarily, ého interest in laser excitation of an adspecies
aross dbecause of the proopoét of influencing surface chemical reactionsz and
the prospect of selective laser-induced desorption without heating (i.e.,
damaging) the substrato.3 Later {t was shown that substrate heating via the
adsorbate of an otherwise transparent crystal sight quite well dbe the most
{mportant process occurring..-a

Besides using the laser to influence particular processes, it can also de
used as an analytical tool. Best known {s the peasurement of the absorption
line profile and the line width. More modern examples are echo experiments
and time-resolved transmission spectroscopy. With all these techniques some
information can be obtained about the adbond or adsordate and its interaction
with the sudbstrate.

Surface reactions are mainly dependent on the extent to which a
particular vidrational mode can be excited and the speed with which relaxation
occurs. Processes in which the populations of the vidrational levels are
changed, due to an energy exchange with the reservoir, are generally called
energy relaxation or T‘-procosaos.

The absorption lineshape is determined by the Fourier transfora of the
autocorrelation function of the dipole operator of the addbond. In particular,
it involves the time evolution of the off-diagonal elements of the reduced

density operator. 1In the most simplest approximation the adbsorption line is a
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lorentzian, with a width deterained by two processes. The first,
inhomogeneous dbroadening, arises due to inhomogeneities in the environment of
the active molecules. For adsorbates, it can have contributions from
differences in adsorption sites, roughness of the surface and other causes.
Because the magnitude of these irregularities is not well known, inhomogeneous
broadening is difficult to analyze in a first principles wvay. A

phenomenological approach was recently given by Cortel et a1.9

; The second mechanisam, homogeneous broadening, again consists of two
parts: energy relaxation (or T’- processes) and pure dephasing (or 1‘5-

y processes). The latter is the collection of all relaxation terms which
contribute to the time evolution of the off-diagonal elements of the density

operator, but which do not change the populations. In the simplest

approximation the total homogeneous width is given by,

. (1.1)

3|
L

Each of these three relaxation times can in principle dbe determined
experimentally. For adsorbates, the energy relaxation time was determined for
chemisorded OH on silica Dy time-resolved transaission apoctroecopy.'o’" The
same experiments for the lower-frequency addbond mode of physisorbed systeas
have not been done yet. One problem there is the lack of an appropriate laser

for these frequencies. Echo experiments give the total dephasing time

PR R

' (Eq. (1.1)). Together with the previous mentioned time resolved spectroscopy

" Beasurements, they can be used to determine the pure dephasing. Finally,
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sieple measurement of the absorption linewidth gives the combination of

homogeneous and inhomogeneous bdbroadening. Combined with the result for 1‘1 and

T

20 it gives the contridbution of inhomogeneous broadening.

The question we want to address in this paper {s what the relative
importance is of energy relaxation and pure dephasing, respectively, to the
hopogeneous linewidth.

Experimentally, we know from the T’-neasurenente by Hellweil et 31.10'1‘

anc¢ previous determinations of the total linewidth’Z that the latter is not
due to 71-processes only. Wnether the discrepancy has to be attributed to
pure dephasing or to inhomogeneous broadening, cannot be deduced from these
experiments., Measurements of the total linewidth for adsorbates have also
been done for hydrogen on wolfran,13 hydrogen on sillclun." and for the
internal mode vidbration of CO on nickel.'s Theoretical arguments as well as
detailed calculations have deen given to show that these linewidth's are
mainly due to pure dephasing.'n-17
All the adbove indicated experiments and theoretical considerations are
about the excitation/relaxation of the vidbrational states of a chemical dond,
wvith typically a frequency of 2000 cn-1. Experiments of relaxation of
solecules embedded in the 80lid state suggest that the line dbroadening is
minly due to pure dephasing. There 18 no reason to believe this to be

different for similar sodes of adaorbatos.'6

The calculations in this paper
will support these oonclusions.

However, for physisorbed systems, the addond mode will have a fundamental
frequency in the region 50 - 500 cl-'. oonsiderably lower than that of a

chemical bond. For such low frequencies an experimantal analysis is difficult
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to perfora. We are only avare of the measurement of the linewidth of the
addbond vidration of CO on nlckel.'a Theoretical analysis has mainly been

19-21 The question we want to answer in this

restricted to energy relaxation.
paper 18 whether for these low-frequency modes pure dephasing still is the
most important relaxation process. It will be shown that under certain
conditions, dependent on both the adbond and on the details of the reservoir
spectrums, TI. and 15-processes can become of equal importance, and energy
relaxation can even become the more important one.

19-22 in the next section we shall present a

Following earlier work,
theory of vibrational relaxation of an adbond, with the lattice vidbrations of
the substrate as a reservoir. However, we shall retain the terms describing
pure dephasing, and we will derive explicit expressions for T1 and 15. In
Secs. U and 5, we shall evaluate these expressions numerically as a function

of the fundamental frequency of the adbond vidbrational mode. Finally, in Sec.

6 conclusions will be presented.




2. RELAXATION CONSTANTS

Consider a system of an atom or molecule physisorbed on a crystal. It {s
assumed that that the bond detween the adsorbate and substrate can de
described as a one-dimensional anharmonic oscillator; only vibrations
perpendicular to the surface are considered. Excitation of the adbond can be
accomplished by laser light in resonance with one pair of vibrational
states. Relaxation occurs through the dynamic ocoupling of the adbond with the
lattice vidbrations of the substrate. The latter is assumed to act as a
thermal bath or reservolr.23

The potential energy between the adatom and the substrate is given by a

one dimensional potential between the instanteneous position of the adatom, 2z,

and of the nearest surface atom, u, (Fig. 1),

V= Vizez ~u,) . (2.1)

The origin is chosen as the average position of the surface atom. The average
of the instanteneous displacement u, is therefore zero. It is assumed u, is
ent irely determined by the lattice vidbrations of the sudstrate (reservoir

ocondition). Then the vibrations of the adatom are descrided by the

Hami ltonian
W o2
H. - ;;-5 * <V(z-z°-uz)) . (2.2)
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where m i3 the mass of the adatom and <...> denotes the average over the
substrate lattice vidbrations. The interaction between the adbond and the

lattice vidbrations is given by

o~

-
PR

. v
H = V(z-zo-uz) - <V(z-z°-uz)> (2.3)

.-

K Furthermore, we denote by Hp and p:. respectively, the Hamiltonian and thermal

equilibrium density operator of the harmonic lattice vibrations of the

sydbsirate. The eigenfunctions and eigenvalues of the adbond Hamiltonian are

) defined by
H
!I
#
N4
Ha|n> - Mun|n> . (2.%)
o
W
."§
k'L
x: The complete system has the Hamiltonian
X HeH +H aH +H +H . (2.5)
o o a P

The state of this system is described by a density operator p, which obeys the

8, equation of motion,

2

ol

- 5 (o) . (2.6)

iyl

Then the adbond can be described by its reduced density operator

. -

: o(t) = Trplp(t)} ' (2.7)
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vhere Trp denotes the trace over the phonon variables.
Following earlier work.‘g-zz an approximate expression for the reduced

density operator of the adbond can de derived as,

da(t) 1 _ L T e rwl ralieey O
g2t . L, o(t)] L, L O (e, leml] @.8)

with
ﬁl(-t') = exp (- % Hot') HI exp (% Hot') . (2.9)

The first term of Eq. (2.8) defines the free evolution of the adbond while,
the second term gives the relaxation. A further approximation can be made by
neglecting terms on the right-hand side of Eq. (2.8) which oscillate with a
frequency different from the free evolution of o(t). Within this
approximation, usually denoted as the random-phase approximation (RPA), we
odbtain for the time derivative of the matrix elements of o(t) between

eigenstates of H.,

do_(t)

n L kK .
- : Fon 9, (t) (2.10)
and
do__(t)
:: --1w o (t) - r: o () . (2.11)

" -‘f."'
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where o _(t) = <nlo(t)[m>, o =0 andw = w -w . Let us define

n nn nn n

1
h 2

(=2 N ]

at’ {<ﬁlm(o) i{n(-c'» . <§Ink(-t')i (0)>)

) R PR SR S
et L {)at <HL, () (~t')>
Ken

ot SRS |
H o (-t OH _(0)>

0 v {end I S
l-'“m -3 é dat (mm(o)ﬂin( L' ¢+«

x

P ¢ ST ey - enl fopryil
<nm(o)um( t')» <Hm( t )Hm(0)>1 ’

(2.12a)

(2.12b)

(2.12¢)

vhere <Q> » T {p° Q] is the average of Q over the phonon reservoir. Then the

rp p
relaxation constants are given by

kk

an KR for n ek

an .
Tan = (A, ¢ AD)

Toa

Re{A  + A2 ¢ Fn.} .

(2.13a)

(2.13b)

(2.13¢)

In the RPA, pure dephasing is given by the diagonal elements of the

interaction Hamiltonian. From Eqs. (2.10)-(2.13) 1t follows that indeed they

do not contribute to the time-evolution of the populations. They do influence

the coherences, with a rate constant an and the added the energy relaxation

I Pl Syt .

-

£ an

Ty g~

-
-~

- -



PO I N T N D RO O N T D U o

rate constants An. A oondition for pure dephasing to occur i{s that an i

nonzero. As can be deduced from Eq. (2.12¢), this means that

Hnn . q:n fornen (2.14)

For example, it can dbe shown that Eq. (2.14) is not fulfilled when the

complete system is described by harmonic oscillators. An expression similar

to Eq. (2.12¢) was given by Burns et al.zu
In the rest of the paper we shall use the Morse potential for the

interaction potential V(z-zo-uz).
V.(z) = D{exp(-2az) - 2 exp(-az)) (2.15)

The reasons are that a Morse potential gives a fair description of the van der
Waals dond, and that it is to a large extent amenable to analytic evaluation
of the expressions. The lattice vibrations are described as a set of harmonic
oscillators. Then, following the work of Efrima et al..‘9 the correlation

functions of the interaction Hamiltonian can de evaluated:

o,y =lw .t'
(O)H 2 e 22" <u™ e k1l

kl('t')? =D

g’ 8(2) {exp(Ba<u(0)u(-t*)>)-1}

- B(2) B(‘) (exp(a 2ea(0)ul-t ' )1} (2.16)

(2) 8(1) {exp(2a <u(0)u(-t')>)-1)

-

2T L

Nl
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(2)

Kl (exp(2u2<u(0)u(-t.')>)-1) R

- (1)
2 Bnn B

where the displacement autocorrelation function is purely determined by the

o ~ja(2~-2')
reservolir, Bnm is the matrix element of e between the eigenstates

of Ha (see the Appendix).

3. MULTIPHONON CONTRIBUTIONS

The Markov approximation implies a separation of the system in two parts,
the reservoir and the subsystem of interest (adbond). Changes in the state of
the complete system then have the interpretation of something changing in the
adbond accompanied by a change in the reservoir. Within the RPA the time
evolution of the reduced density operator of the adbond has a very simple
interpretation (Eqs. (2.10) and (2.11)). Any change of o¢(t) is accompanied by
the creation or destruction of one or more phonons of the substrate.

For the Morse potential and a harmonic lattice, the n-phonon contribution
to the relaxation constant is given by the comdbination of all terms {nvolving
the n-th power of the autocorrelation function of the surface atom
displacement. Each of these terms is singled out easily by expanding the
exponential functions in Eq. (2.16). For a Debye spectrum for the phonons,
the importance of multiphonon contributions was analyzed by Jedrzejek et

.1.'25,26 27

and up to n = 2 by Gortel et al.  These authors considered only the
master equation (Eqs. (2.10) and (2.15)), and therefore analyzed only the
contributions of the multiphonon contributions to the transition rate

constants a (Eq. (2.12a)). It was found that for transitions between

vibrational states involving energies less than the Debye frequency, the
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single-phonon terms dominate. For transitions of energy higher than this
Dedbye frequency, multiphonon terms are also {mportant.

Especially for the motion perpendicular to the surface, i.e., u, the
Dedbye spectrum is a poor presentation of the density of states (DOS) of the
phonon spectrun.za Recently, the transition rate constants for the
vibrational adbond of CO physisorbed on Ni were calculated by Volokitin et

29 28 The

al. using the more realistic surface phonon spectrum due to Black.
values they obtained were much lower and in better agreement with experiment
than these calculated with the Debye spectrum. Furthermore, it was found that
mult iphonon terms of high order still give a significant contribution to the
rate constants.

Energy relaxation involves a change in energy of the addbond. The
transition from level n to level m is accompanied by the creaticn/anhilation
of a phonon, which is depicted in Fig. 2. Multiphonon transitions can bde
represented by adding one or more virtual adbond levels. Pure dephasing (Eq.
(12c)) occurs due to processes in which the populations of the adbond do not
change. These can be interpreted as virtual excitations of the addbond, which
then returns to its original state. Obviously the mini{mum number of phonons
necessary for such a virtual excitation is two (Fig. 3). Therefore, pure
dephasing has only contributions from two-phonon and higher multiphonon
processes,

From the notion that pure dephasing is at least a two-phonon process, and
from the previous discussion, one expects that pure dephasing will become an
important relaxation process whenever the multiphonon contributions to the

transition rate constants are important. The analysis in the rest of the

paper will support this hyphothesis to a large extent, although it will also

S A A e R T PR A
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be found that the intrinsic differences between pure dephasing and energy
relaxation do influence their relative importance.

Let us denote the phonon density of states by p(w), with

J dwp(w) = 1 . (3.1)
0

Then, the displacement autocorrelation function is given by,

cw@u(-t') = & 7 a0 B Grayene ™+ Rwwelet) (3.2)
0
with
AW = (explhu/kgT) = 17", (3.3)

which gives the number of phonons with frequency w as a function of the
temperature T; kB is the Boltzmann constant.
With these definitions the two-phonon contribution to the pure dephasing

rate constant becomes for a Morse potential (Eq. (2.12¢)),
2,2 2
2 =2a°<u"> ,m-n.2 H#x _a K.2
Re(?nn) D e ( ® ) uz (2" )
(3.%)

« 1 o (852 FnAw ¢ 1],
0
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where D, a and k are defined in the Appendix. The imaginary part of the rate

constants determines a level shift and will not be considered here.
The energy relaxation contribution to the adbsorption linewidth of a
transition n -> a i{s given by Re(An + A:) = Re(Af « A.) (Eq. (2.13¢)). Re(An)

can be written as (Eq. (2.12))

1
-2" t an,. . (305)

Len

Re(An) -

For the latter rate constants the 1-phonon contribution is

2,2
(1) 2 =2aw ,_(1),2 2 ., _ neme12
am " D" e (Bm )" (n-m)” (1 U )
(3.6)
2 plle_|)
4w oK no -
;5 G o (nuw ) ¢ 1] .
The two-phonon energy relaxation i{s given by,
2,2
(2) 2 ~2awWw™ (1.2 n(2k-n=1)-a(2k-m=1)
a ' =D"e (8, ) (2 +8] T |
2
n{2k-n-1)-m(2k-m=-1),2, v  Ma .2
+ 8] 2K 1} 2 Gy
(3.7)
x +
{)dw { . o ) (n(w) + 1] [n(~w W)

v =

e A@RS S50

(3
a a
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(w o(q.nﬂu) - -
. 2;—2- _(T.—"—UT n(w) n(u-‘-u)

o(w) ° (w_* w)
‘e ('hn’“)

(n(w) + 1) nlu +w)

. p(u) D(u'u.‘)

w (Uﬂw-n)

n(e) (ﬁ(u-u.‘) + 1)) .

The four terms in Eq. (3.7) correspond to the four two-phonon processes
denoted by II-V in Figure 2.

From Eqs. (3.6) and (3.7) we can conclude that the energy relaxation
constants strongly depend on the details of the phonon spectrum used. 1In
particular, the single-phonon term is directly proportional to the DOS at the
transition frequency. The pure dephasing constant is less dependent on the
phonon spectrum because it involves an integral over the square of p(w). In
the next two sections we shall evaluate the expressions Eqs. (3.4), (3.6) and
(3.7) for, respectively, a Debye spectrum and a DOS representing a surface

phonon spectrus.

8, DEBYE SPECTRUM

For a Debye spectrum we have

2
(3—;‘ uSuD
“p

(§.1)




Let us define the integral

1. (y) } dx e (8.2)
, - ———— Y
D 0 (e%-1 )2

Then the two-phonon contribution to the pure dephasing for a Debye phonon
spectrum can be written as,

2,2 2 k
-2a <u > a-n.2 ,a 1
(S G 95

K

L™

T
By3 g (2
i) G . (L)

2
Re(an) = D" e N -

Yp

It s easy to show that ID(y) = constant = 3.3 for (y + =), Then we obtain
Re(F__) = O(T) for T« O,

Substitution of Eq. (4.1) in Eq. (3.6) gives for the single-phonon energy

relaxation
2,2 2
(M) 2 _~2"<w™> (1),2 2 _ hm+l, @
& =D e (Bm) (n-m)" (1 Sk )(-—")
(4.8)
be_ w _[1+n(e)]
“3 na na
D

for w $ wpe For w > 6y, we have a'(“‘.) = 0, The two-phonon contribution is

(‘q. (3 o7))l

2,2 2 %

Kw
.::) . D2 o WS ":l)’z @52 9 g %D

W
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x {2+ eln(Zk-n-iz),;n(zk-m-l)l . e(n(Zk-n-I;;m(Zk-n-i))z}

The expression for the integral E depends on the values of wp and “op

For |w .| > 2wy ve have

E(x )=0 , (4.6a)

D;xnm

For 2uD e ®em e wp

Xp exnm
E(x, : x_) = J dx x(x__=x) ’ (4.6Db)
D nm nm X _=x
(Xpg™p) (eX-1)(e M@ 1)
and for wp zunmzo
nm :nm
I-:(xD : xm) - é dx x(x__-x) X
(e*-1)(e ™ -1)
(4.6¢)
x x
D e
¢ 2 /7 & x(x-xm) X '
*nm (e®-1)(e -1)

with similar expressions for “a < 0.

For T+ 0, 103

at low temperature all n-phonon contributions to the energy relaxation remain

E(xD.xm) converges to a limiting value. This means that

finite. Therefore, in the limit T + 0, energy relaxation will always dominate

pure dephasing.
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We are interested in an estimate of the different contridbutions to the
total relaxation rate Eq. (2.13¢). In order to do this we shall use values
for the parameters which represent realistic systems like Ar/XCl and CO/Ni.
That s, we use a number of addbond levels k = 25, Different systems, {.e.,
with a different fundamental frequency, are then represented by choosing
different values for both a and D, such that k = 25, The values for y and M
are taken in accordance with the systea (:O/Cu.26 In the low-temperature limit,
Xp < 1, the energy relaxation rate constant Re(A‘Mo) for the 1 + 0 transition
can be approximated by -;110. Also, for the 1 + 0 transition (n,m << k), the

n,e-dependent factors have a simple approximate expression. With these

substitut ions and approximations, the relaxation constants decome

.2,2 2
Fig)-o? @ (2 Bogy? 3 (4.7a)
b ¢
®p D
2, 2 2 w
(M, 0y . 1. 2 -afaw® 1 6 o Mo |
L R A A L D¢ o W oa AW (8.7b) |
|
|
for 2u°tu'°tub we have
real) o a2y L 1,2 | 2 wfah 1 s 629
1 o ' 2%0 ¢ 2x 3 ‘W'’ 8
[ )
D
(4.7¢)

and for . e “0 2w
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2,2 2 X
(2), ,(2), _ 2 ;~&w® 1_9r 229 K03
Re(A, '+ A7) = D% e 2"%(") iz %)

(1)

. (4.749)

(2)

It 1s noted that for “0 > o '10 = 0, and that for w0 > Z“D' a, " 0, but

that the pure dephasing constant is only weakly dependent on the fundamental

frequency.

From Eq. (4.7) the following estimates of the relative importance of the

various contributions at low temperature can be made for 0 < w

F(Z)

0,1 1
_1_.(15 30 x3
210 D
(2)

F10 .1
1. 3 x(35 '
210 nm

10 < ubz

(4.8a)

(4.8b)

For ®p < ®0 < Zup. the single-phonon energy relaxation is i{dentically zero,

but Eq. (4.8d) remains valid.

From Eq. (4.8), it follows that, for a Debye spectrums, the pure dephasing

rate constant 1s msuch smaller than the single-phonon energy relaxation, and of

about the same magnitude as the two-phonon energy relaxation.

The two-phonon

contribdbution to the energy relaxation is much smller than the single-phonon

terms, and the three-phonon tera will again be an order of magnitude smaller

than the two-phonon tera.

Therefore, when compared to three-phonon or higher-

order terms in the energy relaxation rate constant, the pure dephasing will be

the most important relaxation process.




S. SURFACE PHONON SPECTRUM

In the model used in this paper, the coupling between the adbond and the
phonon reservoir is mediated by the motion of the surface atom perpendicular

to the surface. Especially for this direction of the motion, the theoretical

8

calculations of Black™ for a Ni(111) surface show a large difference in the

spectrum of the surface phonons compared to that of the dbulk phonons. The
most prominent characteristic of this spectrum is that the DOS consists of a

single peak at frequency ©, " 24,2 THz. Besides this peak, there is some

1

extra density in the tails between frequencies of 60 cn-1 and 300 cm (as

visible in the picture given by Black). We want to evaluate the expressions
for the relaxation constants for such a phonon density of states. In order to

do this, we approximate the calculated spectrum by the simple analytical form

plw) = 31‘_3... o2 exp(-luo-ulanI.A) R (5.1)

2u°A

where A = 1,45 THz = %W!'H. The uz-dependence is chosen in order to obtain

the correct limiting behavior for w + 0; the exponential gives a reasonadle
representation of the spectrus calculated by Black.

Again, ve consider the 1 + O transition in the low-temperature limit.
Substitution of the DOS (Bq. (5.1)) into Eqs. (3.%), (3.6) and (3.7) gives

the required rate constants. After rearrangemsnt they become

1 (1) “mt v, ,% - _:'_n_n. ‘._"2
:o. Rc(ln. ) = (;;-) (i) (T) exp(-1n2 |1 . | 7 )

(5.2)

2

« 2n2 (80112 (1 - 2202 (| na] (2kma-1)?)
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1 (2) “mm 4 w2 Y02 (1),2
o, Relang ) = G T G s(o)(s )

(5.3)

k

1 2 2 K
@) (rrEaen) U2 (raraa sy

Kk 2
(]n-nl Gkna-) !
1 pe(F_ ) = (DB ()2 (22)2 L (100)2 K
% na ¥ M A (2k-m-n-1)"(a-n)2

- 2 . zl(wo -1
x J dz 2° exp(-21n2[1-z|w /8) (exp () = 1)
0 B

zlwo -1
= (1 - exp(~- 1)) ’ (5.4)
B
“no
vhere z = u/uo. and Is(;;—) is given by
Ig(x) = % o’ exp(-lnz(z-x)ub/i) (5.5a)
for x £ 1, and
Ig(x) = {25t mz)z - n(-——z-ﬁ;)% exp(- 1n(2)xe /8)
- s - A3 _ 2
+ {2(x-1) (oozlnz) l(»ozmz 2)x-2| ( 21m_,) (5.5b)

S, S S M- 2’ 2 & SR
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t(3-x % x)) exp(~ 1n2 |2=x| uolk)

for x 2 1. The plus sign applies for x 2 2 and the minus sign for 1 § x s 2
(x » "nn/"o)' It follows that the energy relaxation rate constants are, in
this low-temperature approximation, independent of the temperature. Pure
dephasing is strongly tesperature dependent, through the exponential
functions.

The Morse potential parameters representing some real physisorbed systems
are such that the number of levels, k, is more or less const.ant.26 To compare
the energy relaxation and pure dephasing, we plot in Fig. 4 the relaxation
constants as a function of the fundamental frequency, ©i0° of the vibrational
adbond. The constants defining the addond (k, u, M) are the same as those
used in Sec. 4.

All quantities are given in units of the characteristic frequency w, of
the phonon spectrum. We see that, as expected, the n-phonon energy relaxation
rate constant has a maximum at frequency nw_.. For u

-] 10
exponentially with |w,,~w,|. The pure dephasing constant is much less

™ “ it decreases

dependent on the transition frequency. The largest effect is due to the
62V(z-z°)
increase of ———— | _

dz o
as for the energy relaxation.

with {ncreasing %10 and not to a resonance effect

It i{s to be expeéted that the maxima in a will gradually decrease with

(n)
10
increasing n. Then, for transition frequencies larger than nw with n on the
order 3 or 4, pure dephasing will become a more important process than energy
relaxation. A notable difference with the Debye spectrum is that the single-
phonon and two-phonon contributions to the energy relaxatjon are still larger

than the pure dephasing even if v, > nuo (n = 1,2, respectively). For the

0




Debye spectrum the n-phonon term is exactly zero for “0 > nwpe This is due
to p(w) now dbeing non-zero for w > 0y Therfore, the precise dbehaviour of

a::) for %0 > n"’o depends strongly on the exact form of p(w). Since the
28

difference between the calculated spectrum =~ and a Lorentzian peak (used here)
or, for example, a Gaussian function cannot be seen for w 2 2u°. the values of
the n-phonon relaxation constants beyond Wi " (n*l)uo are not reliadble, and

no conclusion should be drawn regarding their behavior at those frequencies.

6. DISCUSSION

It is well known that pure dephasing is a relaxation process which is due

to anharmonicities in the system. In the model used {n this paper,
anharmonicity i{s introduced in the active mode (vibrational adbond), and its
magni tude is fixed by the choice of a Morse potential to represent this dond.
Another approach can be to take into account the anharmonicity in lattice
vlbntlons.6 We assume that this can bde neglected with respect to the effect
of the adbond anharmonicity. Therefore, it should be kept in mind that the

calculations presented here and elsewher'ewd1

give values for the pure
dephasing constants which can be strongly model dependent. Energy relaxation
is already present in a harmonic system and does not change dramatically upon
introducing anharmonicity.

It is found that for low temperature the pure dephasing constant goes to
zero as 13 (T » 0) (Eqs. (¥.7) and (5.84); see also Ref. 17). Apparently this
result does not depend on the details of the phonon spectrum. It does depend

on the kind of relaxation process studied, i.e., on the form of the coupling

between the active mode and lattice vibrations. This can be compared to the
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; results of Skinner and Hsu who find a T7-dependence for the relaxation of the

electronic excitation of a molecule embedded in a <:ryst:a1.31
The calculations presented in Secs. 3-5 clearly show that resonance is an

« important effect in determining the magnitude of the energy relaxation rate

X constants (Eqs. (3.6) and (3.7)). The n-phonon contribution is large whenever

all phonons involved are of & frequency at which the DOS is large. For the

Debye spectrum this means that the n-phonon term has a maximum for the

transition frequency smaller but of the order nw For LI > nwp, that term

DO
is identically zero. For the surface phonon spectrum, each n-phonon term in

PR g

-

3, the rate constant has a maximum at nw, and decreases strongly for Iuw-nmol -
Ei 0. The results also show that on going to a higher multiphonon process, the

4 maximum value of the relaxation constant decreases with increasing n (see also
'::, Refs. 25-27).

é. The lowest-order contribution to the pure dephasing is a two-phonon

" process, Because it involves only a single adbond level, the resonance effect
is now that the largest contribution to the relaxation constant comes from

"' virtual excitations with frequency Wy Since there are no other restrictions
i on the position of the virtual level, the relaxation constant will hardly

;' depend on the fundamental frequency. Its magnitude should therefore be of the
: order of the two-phonon energy relaxation teram at its maximum. On the other

.

. hand, it will roughly be lower by a factor of ﬂ(uo) than this term, because it
;, also involves the absorption of a phonon. It is this factor which introduces
i the strong temperature dependence of the pure dephasing (Fig. V).

This analysis shows that at high temperatures, where 5(»0) or ﬁ(uo) > 1,

K the two-phonon pure dephasing term will be of the order of the maximum value

K of the two-phonon energy relaxation term. For lower temperature (r.a(uo). E(un)
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< 1), the two-phonon pure dephasing will be somewhat smaller. Then, one

expects pure dephasing to be the most important relaxation process when the

transition frequency of the active mode is much larger than the characteristic

frequency (”b or wD) of the phonon reservoir. This is in accordance with the 1

% and Hutchinson and George,17 who considered the 3

result of Gadzuk and Luntz
relaxation of an internal vibrational mode of an adsorbed molecule. Although
the coupling mechanism is different there, the conclusions are also valid for
N

the relaxation of an electronic excitation. However, for the low-frequency
addbond vidbrations of a physisorbed molecule, the energy relaxation is mainly
due to single-phonon and/or two-phonon contributions. Then energy relaxation

will give the largest contribution.
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APPENDIX: Matrix Element 8(J)

The Morse potential is given by
V(z-2,) = D{exp(-au(z-zo)) -2 exp(-a(z-zo))) . (A1)

Averaging V(z-zo-u) over the lattice vibrations (i.e., over u) results in

again a Morse potential,
- - J ]
<V‘(z zo-u)> V.(z-zo) . (A2)
with renormalized parameters
D'= D exp(-az<u2>)

a' =g (A3)

The adbond Hamiltonian is defined with the renormalized Morse potential as
potential energy. Let us its decrete eigenfunctions by |n>. Then the

corresponding eigenvalues are

g, - - 5> (k-n-;-) , (AN)

where
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1/2
« - @0 x5)

The integer part of k represents the number of bound states. From Eq. (AY4) one
directly obtains the fundamental frequency
22

Ka

The following matrix elements can be calculated 1319'32

~a(z-2')
(1) alz=z, 1 ,(2k=2n-1)(2k=-2m-1), 1/2
Bpp " <nle | = = TRt F(ns1)r(2k-m) (A7)

Bl('u:)) (n(2k-n-‘l)-m(2k-1n-1)°2k) , (A8)

(2) - ' .
B, = <nlexp(-2a(z-z})|m> 5

both for n > (m-1),

We need the matrix elements of the interaction Hamiltonian (Eq. (2.12)).
Substitution of the explicit form of HI (Eq. (2.3)) shows that this involves
satrix elements of exp[-Ja(z-zo)J. for § = 1,2. That s, we need matrix
elements of both terms of the Morse potential (Eq. (A1)) detween the
eigenstates of the renormalized Morse potential (Eqs. (A2) and (A3)). We note
that cxp[-Ja(z-zo)] - exp(-Jc(z-z;)]exp[-Jo(zs-zo)]. and that (zs-zo) - -gq<u2>

1s constant. Then from Eqs. (A7) and (A8) we immedjately obtain the result

a'-“:J) = <n|exp(-ja(z-z )|m> = o (A9)
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with ¢ = 1,2,

This result was used in the evaluation of Eq. (2.16). We stress that the
correction so obtained (Eq. (A9) versus Eqs. (A7) and (A8)) is of the same
order of magnitude as the corrections obtained directly from using the ]

renormalized Morse potential instead of V_(z-z ) ftself in H . y

N bl Ty
iy Y H
AN ’\\".“‘
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FIGURE CAPTIONS

Figure 1. Schematic draving of an adsorbed atom at position z adbove a surface.

The nearest surface atom has a time-dependent displacement u

perpendicular to the surface.

Figure 2. The single-phonon and two-phonon contributions to the energy
relaxation for the transition from level n to level m, with ©, > Wy
Each arrow denotes the absorption (upwards) or emission (downwards)
of a phonon. The energy of each phonon follows from the length of
the arrow. The dotted lines indicate virtual adond levels. I 1is
the single-phonon process, and there are four two-phonon processes
indicated by II-IV, For the downward transition n » m, process 11l
is not possidble, and for the reverse upward transition, process II

does not contridbute.

E
E

Figure 3. Multiphonon contributions to pure dephasing. Depicted are doth two-

phonon processes and one three-phonon process., For the meaning of
the symbols see Fig. 2. Note that pure dephasing terms involve only
one (real) level of the addbond, and that single-phonon proceses are

impossible.

Figure ¥. The logaritham of the various n-phonon contributions to the
relaxat ion constants versus the fundamental frequency of the
vidration. The low-temperature approximation is used (Eqs. (5.2)-
(5.4)). All quantities are given in units of the characteristic

frequency of the surface phonon spectrum. The pure dephasing, Fff,).

NG I e



- 34 -

is plotted for two values of the temperature. Note that the low-

. » k. T

' temperature approximation does not make sense for ] < i—:—-
(,) (.}

3

iy

‘t

%

.

[

[
‘ » Lo - » LR}

Mo D, Py, T S 2P B -’-_ - \-" LI TS .‘,i“ (v oW '\'.‘-{\*‘h .l » ] \\)\ \* N
“‘.‘."‘.‘.lﬂ‘l’.i.!‘,'t',‘l‘x ‘ll‘..l"\. s LLANRS AR A LA e W Wy Vi TN, 0! \ lf'- WAL 3 \ X a1




b e g L £ RIS N KN AT BN ENEN NNV R Py 'y

z>odotom

U

substrate

A’ "vn

X-5

LR

‘5—\‘&

v 5

1{1“ I."” » kf

2

Lk

< s
-

.f. ";- ' 4

. . . P J T L
, « < - ¥ ol W " o W o Wiy Wy " - ot S 4 v Lo N AL O A A I R
t "u‘fl‘n’%‘.'l’.’t AN : e, 4. : N .'t » nh \W Ol ot " " N 8 AT P NPT 1SS N S >

R0 I g M I M VR R W R f} o



P

!

o » O, wo Cp ) \T
N 6 G e M A A T S AR AN Y T

N




- (%) ~ o o A g
AL i‘_.'!'.‘(‘.‘i‘.'\'.'0‘."‘.‘\'. RN Mo MK D o AN N e B \ SR NS

AN

SNy

=
i)

-

o S

L

R, o,

Ll

% i i "

-

oy :o) 2]

A RAPAAIN 3

[

Wl e

e 5 > A

=



R IR
o
}

SN
e ¥ e

~

I‘
x{ My
=

' R 1 | L
00 200 300 Iy

-
-

A e f L, T T T T T T T S R R
'I‘.'!"‘!."l'l o ANA 1] "' "-‘,'s ,'C.f'- .‘l"\ & LS .' od M ) o« v e K Lo o )Xo L




QL/1113/86/2

TECHNICAL REPORT DISTRIBUTION LIST, GEN

No.
Copies

Office of Nava) Research 2
Attn: Code 1113
800 N. Quincy Street
Arlington, Virginfa 22217-5000
Or. Bernard Dauda 1
Naval Weapons Support Center
Code S0C

Crane, Indiana 47522-5050

Naval Civil Engineering Laboratory 1
Attn: Dr. R, W, DOrisko, Code LR
Port Hueneme, California 93401

Defense Technical Information Center 12

Building 5, Caneron Station hi?:\
ty

Alexandria, Virginia 22314 qua

DTNSRDC 1
Attn: DOr. M. Singerman

Applied Chemistry Division

Annapolis, Maryland 21401

Or. Willtam Tolles 1
Superintendent

Chemistry Division, Code 6100

Naval Research Laboratory

Washington, D.C. 20375-5000

S e -, v o, a0 « W B e TP e T e
RN AR S A S N A A S S A A Y B W A R A,

No.
Copies

Dr. David Young 1
Code 34

NORDA

NSTL, Mississippi 39529

Naval Weapons Center 1
Attn: Dr. Ron Atkins

Chemistry Division
China Lake, California 93555

Scientific Advisor 1
Commandant of the Marine Corps

Code RD-1

Washington, D.C. 20380

U.S. Army Research Office 1
Attn: CRD-AA-IP

P.0. Box J2211
Research Triangle Park, NC 27709

Mr. John Boyle 1
Materials Branch

Naval Ship Engineering Center
Philadelphia, Pennsylvania 19112

Naval Ocean Systems Center 1
Attn: Dr. S. Yamamoto

Mar ine Sciences Division

San Diego, California 91232

Dr. David L. Nelson 1
Chemistry Division

Office of Naval Research

800 North Quincy Street

Arlington, Virginta 22217

RSSO,
L] ] L) L} » L)

& LN Y

’ _l.‘."

[}
>

i
%y

y

5 N

_|$'.‘-'v'b.

2

- g oo AT
}. 2 .

B & 54 v SRR -

-y

. L]

ARCASEY,
» » L)



0/1113/86/2

ABSTRACTS DISTRIBUTION LIST, 056/625/629

Or. J. E. Jensen

Hughes Research Laboratory
3011 Malibu Canyon Road
Malibu, California 90265

Or. J. H. Weaver

Department of Chemical Engineering
and Materials Science

University of Minnesota

Minneapolis, Minnesota 55455

Dr. A. Reisman

Microelectronics Center of North Carolina

Research Triangle Park, North Carolina
27709

Or. M. Grunze

Laboratory for Surface Science and
Technology

University of Maine

Orono, Maine 04469

Or. J. Butler

Naval Research Laboratory
Code 6115

Washington D.C. 20375-5000

Or. L. Interante

Chemistry Department

Rensselaer Polytechnic Institute
Troy, New York 12181

Or. Irvin Heard

Chemistry and Physics Department
Lincoln Unfversity

Lincoln University, Pennsylvania 19352

Or. K.J. Klaubunde

Department of Chemistry
Kansas State University
Manhattan, Kansas 66506

Or. C. B, Harris

Department of Chemistry
University of California
Berkeley, California 94720

Or. F. Kutzler

Department of Chemistry

Box 5055

Tennessee Technological University
Cookesville, Tennessee 38501

Or. D. DiLella

Chemistry Department

George Washington University
Washington D.C. 20052

Or. R. Reeves

Chemistry Department

Renssaeler Polytechnic Institute
Troy, New York 12181

Dr. Steven M. George
Stanford University
Department of Chemistry
Stanford, CA 94305

Or. Mark Johnson

Yale University
Department of Chemistry
New Haven, CT 06511-8118

Or. W. Knauer

Hughes Research Laboratory
3011 Malibu Canyon Road
Malibu, California 90265

v AL W DO WO WL W,

RA e a EIAR NS N S

bR A SRAISYy. Pl %]



Ex

o

WAy sea

e n
R A A O

LA SO, 5,00 N, W% ‘(7 ‘ s W

o Rt 0 gt E gt b gt g et bk g 0,5 0ttt et B! 010 bt 2% G Ba® €a0 @i’ P2 Bl faf Da¥ Bat 5% @a% Aa' 1% Bgt Bi> 02 Ba’ Ta' A" Ra' Bat dit g s

L/1113/86/2

ABSTRACTS DISTRIBUTION LIST, 056/625/629

Cr. G. A, Somorjaf
Oepartment of Chemistry
Unfversity of California
Berkeley, Californfa 94720

Or. J. Murday

Naval Research Laboratory
Code 6170

Washington, D.C. 20375-5000

Or. J. B. Hudson

Materials Division

Rensselaer Polytechnic Institute
Troy, New York 12181

Or. Theodore E. Madey
Surface Chemistry Section
Department of Conmerce
National Bureau of Standards
Washington, 0.C. 20234

Or. J. €. Demuth

IBM Corporation

Thomas J. Watson Research Center
P.0. Box 218

Yorktown Hefghts, New York 10598

Or. M. G, Lagally
Oepartment of Metallurgical
and Mining Engineering
University of Wisconsin
Madison, Wisconsin 53706

Or. R. P, Van Duyne
Chemistry Department
Northwestern University
Evanston, 1114nois 60637

Or. J. M, White
Oepartment of Chemistry
University of Texas
Austin, Texas 78712

Or. 0. €. Harrison
Department of Physics
Naval Postgraduate School
Monterey, California 93940

Or. R. L. Park

Oirector, Center of Materials
Research

University of Maryland

College Park, Maryland 20742

Or. W, T, Peria

Electrical Engineering Department
University of Minnesota
Minneapolis, Minnesota 55455

Or. Keith H. Johnson

Department of Metallurgy and
Materials Science

Massachusetts Institute of Technology

Cambridge, Massachusetts 02139

Or., S. Sibener
Department of Chemistry
Janes Franck Imstitute
5640 E11is Avenue
Chicago, [11inofs 60637

Or. Amold Green

Quantum Surface Dynamics Branch
Code 3817

Naval Weapons Center

China Lake, California 93555

Or. A. Wold

Department of Chemistry

Brown University

Providence, Rhode 1sland 02912

Or. S. L. Bernasek
Department of Chemistry
Princeton University
Princeton, New Jersey 08544

Or. W. Kohn

Department of Physics

University of Californfa, San Diego
La Jolla, Californfa 92037

T R T R T T T T T T A D AT L LRt




R e
- -~

Dy

Nt

e g -

PPN I R e

NI

¥ 3d ¥ g, at gl

W IR U U U USROS LS KWY KRV Y

Bl el b ol it ol bl bl pat gy Sot R fu® SrT D A o0¢

0L/1113/86/2

ABSTRACTS DISTRIBUTION LIST, 056/625/629

Or. F. Carter

Code 6170

Naval Research Laboratory
Washington, D.C. 20375-5000

Or. Richard Colton

Code 6170

Naval Research Laboratory
Washington, 0.C. 20375-5000

Dr. Dan Pierce

National Bureau of Standards
Optical Physics Division
Washington, D.C. 20234

Or. R. Stanley Williams
Department of Chemistry
Unfversity of California
Los Angeles, Californfa 90024

Or. R. P. Messmer

Materials Characterization Lab.
General Electric Company
Schenectady, New York 22217

Or. Robert Gomer
Department of Chemistry
James Franck Institute
5640 E111s Avenue
Chicago, I11linois 60637

Dr. Ronald Lee

R301

Naval Surface Weapons Center
White Oak

Silver Spring, Maryland 20910

ODr. Paul Schoen

Code 6190

Naval Research Laboratory
Washington, 0.C. 20375-5000

QOO A N 2 e T S ALY O Y

Or. John T. Yates
Department of Chemistry
University of Pittsburgh
Pittsburgh, Pennsylvania 15260
Or. Richard Greene

Code 5230

Naval Research Laboratory
Washington, 0.C. 20375-5000

Or. L. Kesmodel

Department of Physics
Indfana-University
Bloomington, Indiana 47403

Or. X. C. Janda
University of Pittsburg
Chemistry Building
Pittsburg, PA 15260

Or. €. A. lrene

Department of Chemistry

Unfversity of North Carolina
Chapel Hill, North Carolina 27514

Dr. Adam Heller
Bell Laboratories
Murray Hill, New Jersey 07974

Or. Martin Fleischmann
Department of Chemistry
University of Sauthampton
Southampton 509 5NH
UNITED KINGOOM

Or. H, Tachikawa

Chemistry Department
Jackson State University
Jackson, Mississippi 39217

Or. John W, Wilkins
Cornell University
Laboratory of Atomic and
Solid State Physics
Ithaca, New York 14853




v

L/1113/86/2

ABSTRACTS DISTRIBUTION LIST, 056/625/629

Dr. R. G. Wallis
Department of Physics
University of California
Irvine, California 92664

Or. D. Ramaker

Chemistry Department

George Washington University
Washington, 0.C. 20052

Or. J. C. Hemminger
Chemistry Department
University of California
Irvine, California 92717

r. 6. Rubloff
18M

Thomas J. Watson Research Center
P.0. Box 218

Yorktown Heights, New York 10598

Dr. Horia Metiu

Chemistry Department

University of California

Santa Barbara, California 93106

Dr. W. Goddard

Department of Chemistry and Chemical
Engineering

California Institute of Technology

Pasadena, California 91125

Or. P. Hansma

Department of Physics
University of California

Santa Barbara, Californfa 93106

Or. J. Baldeschwieler

Department of Chemistry and
Chemical Engineering

California Institute of Technology

Pasadena, Californfa 91125

Or. J. T. Keiser
Department of Chemistry
University of Richmond
Richmond, Virginia 23173

Or. R. W, Plummer

Department of Physics

University of Pennsylvania
Philadelphia, Pennsylvania 19104

Or. E. Yeager

Department of Chemistry

Case Western Reserve University
Cleveland, Ohio 41106

Dr. N. Winograd

Oepartment of Chemistry

Pennsylvania State University
University Park, Pennsylvania 16802

Dr. Roald Hoffmann
Department of Chemistry
Cornell University
Ithaca, New York 14853

Dr. A, Steckl

Department of Electrical and
Systems Engineering

Rensselaer Polytechnic Institute

Troy, NewYork 12181

Dr. G.H. Morrison
Department of Chemistry
Cornell University
Ithaca, New York 14853




bt
A\ '\ ‘.‘.
ODNRD

)
e

P ;A" ;.;.v“.c.g';:' .
L

)
[}




